It is well known that the DX center is a kind of defect that limits the n-type doping in some tetrahedral coordinated semiconductors. It is a deep negatively charged defect complex converted from a nominal shallow donor defect, which can serve as a trap center of electrons, thus is detrimental to the performance of optoelectronic devices. Similar to the DX center, we find that a donor-yielded complex center (DY center) also exists in six-fold coordinated semiconducting materials. For example, Bi is commonly expected as a shallow n-type dopant in perovskite APbX3.
INTRODUCTION
Donor-complex center (DX center) is often observed in four-fold coordinated zincblende (ZB) or wurtzite (WZ) III-V 1 and II-VI 2,3 semiconductors which limits n-type doping. For example, Si substituting cation in (Al,Ga)As alloy can create either shallow substitutional donor Si + Ga or a negatively charged defect complex center DX -when the Fermi energy approaches the conduction band minimum (CBM), which acts as a limiting defect for n-type doping in the system. This special DX -defect center is often associated with large atomic displacements and the transition energy levels of the DX center is usually deep inside the band gap with localized wavefunctions. The formation of DX center is extremely unfavorable for optoelectronic devices, so it has been extensively studied for tetrahedron semiconductors. However, the report of DX-like center is rare in six-coordinated semiconductors (to distinguish it from the DX center in the tetrahedral system, we will denote it as DY center). such as strong optical absorption and emission in the visible range, long carrier lifetime and diffusion length, shallow intrinsic defects and low nonradiative recombination rates. [4] [5] [6] [7] [8] [9] Controlled by their respective dominant intrinsic defects, MAPbI3 was reported to exhibit both p-type and weak n-type ambipolar conductivities, whereas MAPbBr3 exhibits mainly p-type conductivity. [10] [11] [12] To enhance the electron conductivity, Bi is used as an n-type dopant in MAPbI3 and MAPbBr3 in experiment, because Bi as a neighboring element to Pb in the Periodic Table is expected to act as a shallow donor when it substitutes on Pb site, forming BiPb. 13, 14 However, it was found experimentally that the photocarrier lifetime was shorter and the photoluminescence (PL) was 4 suppressed in Bi-doped MAPbBr3. These phenomena were attributed to the enhanced carrier trapping, suggesting that Bi dopants might form deep defects in MAPbBr3. 15, 16 However, the exact type of the defect is unknown.
In this work, we systematically investigate the substitutional defect structures and properties of BiPb in MAPbBr3 and MAPbI3 based on the first-principles calculations. We find that Bi prefers to be a donor in MAPbI3 but might induce DY center in MAPbBr3, which converts a shallow donor defect to a deep acceptor defect center in MAPbBr3. The DY center can trap electrons and therefore decrease the carrier lifetime and suppress the PL. The local atomic structure of the DY center in the octahedral environment is revealed. Our results suggest that similar to DX center in tetrahedral semiconductor, DY defect center can also form in octahedral semiconductors that can limit n-type doping in the system. This can have large impact on the device applications of octahedron semiconductors.
COMPUTATIONAL METHODS
The first-principles calculations are based on the density functional theory (DFT) as implemented in the VASP code. 17 The projector augmented-wave (PAW) 18 23 -25 The calculations for the defect formation energies and transition energy levels follow the established methods. 26 The formation energy is defined as: In our calculations, the chemical potential range for the stable MAPbBr3 is narrow, which is consistent with the early studies. 12 For the extrinsic Bi dopant, an additional constraint to exclude the formation of BiBr3 also needs to be met, μBi + 3μBr < ΔHf(BiBr3) = -2.92 eV (5) Considering all the constraints above, we adopted a chemical potential condition: Br-rich/Pb-poor (μMA = -3.52 eV, μPb = -2.67 eV, μBr = 0.00 eV, μBi = -2.92 eV) for MAPbBr3 in this work. Similar treatment is also applied for MAPbI3, and the chemical potential μMA = -2.91 eV, μPb = -1.82 eV, μI = 0.00 eV, μBi = -1.78 eV is used for I-rich/Pb-poor condition. Note that the formation of the DY center is independent of the atomic chemical potentials. The calculated formation energy of BiPb defect in MAPbBr3 as function of Fermi energy is shown in Fig. 1(b) . The transition energy ɛ(0/+) of BiPb in MAPbBr3 is 0.26 eV below the CBM and the transition energy ɛ(0/-) is 0.38 eV below the CBM for the DY -state, so it is an negative U system, i.e., the neutral charged state α 0 is unstable with respect to the dissociation into DY -state and α + state. This negative U behavior is a typical character of the defect state with large atomic relaxations. 17 In this specific case, when the Fermi energy is below the Fermi energy corresponding to the crossing point, that is 0.32 eV below the CBM, the positive α + is dominant. On the other hand, if the Fermi energy exceeds the crossing point, it prefers to form the localized DY -state.
Therefore, the Fermi energy will be pinned at about 1.55 eV with comparable α + and DY -states. The structures of host and BiPb defect states in MAPbI3 are all six-coordinated, as shown in Fig.   2(a) , and the corresponding average Bi-I bond lengths are 3.05, 3.09 and 3.11 Å, respectively, for the α + , α 0 and α -states compared to 3.13 Å for the host Pb-I bond. For the DY -state, the geometry is similar to that in MAPbBr3. The formation energy of the DY -state is calculated to be 0.14 eV,
indicating that the octahedral α -state is thermodynamically more stable in MAPbI3. Therefore, the stable BiPb defects would remain octahedral coordination in MAPbI3.
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The calculated formation energies of the BiPb defect at different charge states are shown in Fig.   2 contributed by anion valence p orbitals (see Fig. S1 and Fig. S3 in Supplementary Information,   SI ), similar to the CBMs, and their energy follow that of the respective CBM as one would expect for shallow defects, as shown in Fig. 3(a) . In contrast, the localized DY -states in the two perovskites are contributed by the comparable anion valence p and cation Bi 6p orbitals (see Fig.   S2 and Fig. S4 However, the DX -and DY -states are deep, thus the defect formation energy is hardly affected by the position of the CBM. As a result, as the CBM rises, the DX and DY formation energies are reduced or become more negative in four-and six-fold coordinated compounds. The difference between the DX -and DY -states is about their local structures. As shown in Fig. 4(a) , the DX -state is formed by breaking a single bond, hence changing the local symmetry from Td to C3v. On the other hand, the DY -center in Fig. 4(b) is formed by breaking three bonds, changing the local symmetry from Oh to C3v, if the influence of MA molecule is ignored. This difference is caused by the different local environment in the two systems.
CONCLUSIONS
Based on the first-principles calculations, we have identified a DY center in Bi doped MAPbBr3, which is a deep localized trapping state, limiting the n-type doping in the system and could cause negative photoconductivity. However, in spite of the similar electronic structure of MAPbBr3 and 
